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Equations were developed from which thermal conductivity could be rapidly estimated from moisture content or electrical conductivity. The heat balance of large and small tree trunks on a freezing night has been calculated on the basis of the coefficients.
Thermal Conductivity of Fuinctional Citruts Tree
Wood. Heat transfer of the woody stems of trees is chiefly by radiation, convection and conduction. Radiation loss is minimized by the insulating effect of the leafy crown, and convection assumes the dominant role only during the day because the transpiration stream flows most actively then (4) ; at night thermal conduction, though relatively small, is the principal mode of heat transfer. Although thermal conduction was correctly considered bv Raschke (18) to plav a minor role in the heat transfer of the plant, under the stress of nocturnal advection freezes and radiation frosts, this is not the case in subtropical plants which bear leaves and fruit during winter. The magnitude of thermal conduction in the wood, relative to its mass, is important in preventing frost damage to citrus trees (24) . Therefore, we have determined longitudinal and transverse thermal coniductivity coefficients for 4 species of citrus and used these coefficients to analy)se the effects of freezing temperatures on 2 cm and 20 cm diameter trees. For this analysis we have used the weather parameters which existed in Weslaco, Texas, fronm Januarv 9 to 12, 1962 (32) .
Thermal conductivity coefficients (K) have been determined on about /70 species of dry woods (10, 13, 14, 20) . Across grain K for nearly dry woods, having about 12 % moisture, ranges from 0.1 to 0.S 1 This investigation was supported in part by a grant from the National Frost Protection Company, Incorporated. 2 Present address: Lockheed Missiles & Space Company. Sunnyvale, California 94088. 3 Present address: Department of Statistics, University of Minnesota, Minneapolis, Minnesota 55455. that of freshly cut woods. Wirka (30, 31) was the first to begin studies on the thermal conductivity of green or freshly cut timbers. These studies were subseqtuently finished by MacLean (12) , who later, (13) deter-mined K on 6 species of green wood. The present studv deals with the determination of thermal conductivity coefficients (K) and diffusivities (a) for longitudinal and transverse flow and related physical constants of dry, and green or living wood of the 4 principal commercial varieties of c trus grown in California.
Methods
For estimation of thermal conduction by mathematical analysis Carslaw and Jaeger (5) state that it is necessary to assume the solid is homogeneous and isotropic. Thermal conduction in wood must therefore be experimentally determined because it is (1) heterogeneous, i.e., made up of different tissues of various orientations; is (2) anisotropic, i.e., certain directions are more favorable for the conduction of heat than others.
In the present study, thermal conductivitv (K) and diffusivitv coefficients (a) were determined by the steady-state method of Griffiths and Kaye (10) . Large, freshly cut citrus branches of Valencia and Washingtoin Navel orange (Citruts sinensis), Eureka lemon (Citruts limonia) and Marsh grapefruit (Citruts paradisi) were collected from trees in the orchard at the Citrus Research Center about 8 AM, and brought to the laboratory in polyethylene bags. Samples one-half cnm in length oriented for longitudinal or transverse flow were quickly turned down to fit exactly in the heat transfer apparatus. Heat was supplied from a 6-volt storage battery and a small PLANT cylindrical electric heater to one end of the wood, the opposite end of which was in contact with a metal cylinder dipping in ice Nater. Heat loss from the cylinder wall was prevented by a guard-rinig, of heaters. \Vlhen steadv-state flow was reached, w-hich was in 1 to 2 hours, the temperatures were automaticallv recorded at the faces of the cylindrical sample with copper-constantan thermocouples and an electronic potentiometer recorder. Density (p) was calculated from length and diameter measuremiients of the fresh woody cylinder ma(le with micrometer calipers. Moisture contents (IV) were determined from constant dry weights obtained after drying in a forced draft ovein at 650 and calculated on the fresh weight basis, and b-electrical conductivity using a mloisture imieter4. Specific heats (Cp) were calculated as prev,iously slhowx-n to be adaptable (28) by the Siebel equiation ( 21 ) (27) . The moisture content varies also with length of time sampling occurs after irrigation. A lemon fruit for example, in a district having a microclimate intermediate between semidesert and marine was shown to contain 4 to 5 % more moisture 10 days after the tree was irrigated than before (9) . The differences in the maximumminimum nmoisture contents of a given variety of our wood samples from Riverside where the microclimate is semi-desert, ranged from 2.12 to 5.52 %.
MacLean (13) (24) , the specific enthalpy (H.) calculated from table II is 1.02 X 104 cal trunk-' C-1 in the former and 1.02 X 102 in the latter. If the trunks were at a maximum of 00 during daylight as on the first day and -5.6°mini-mum the following night (32) the total heat available in the trunk of the large tree was 5.7 1 X 104 cal compared with 5.71 X 102 in the small tree which while adequate in the former, is far from adequate to meet the heat demand necessary to prevent freezing in the latter (table V) .
Also the surface-mass ratio: A/1M IX decreases with tree size., becoming more -favorable for the conservation of stored heat in large trees on winter nights. where X -length of the trunk and a -the radius. For a large tree where X = 100 cm and a = 10 cm, the ratio is 20 while for a young tree with a trunk radius of 2 cmll the ratio is 100 (fig 5) . The cal for trunks of 20 cm and 2 cm diameters, respectively (table V) . Thus steady-state longitudinal conduction of heat at night was adequate to prevent the large tree trunk from reaching the freezing point.
To estimate the transverse (radial) nocturnal flow of heat diurnally stored in the trunks of different diameters under the extreme microclimatic conditions aforementioned, we arbitrarily assume that the cambium will freeze whenever the temperature of the wood at a point r = a/2 becomes 9/10 ambient or 0.9 X (-8°) (6 Thermal conduction is affected by the boundary layer. Both free convection, forced colnvection, and transpiration conductances are modified by this layer which in turn modifies the surface temperature. Surface temperature of the woody cylinder is also a function of the radiation characteristics and emissivity of the system. Thus the position of the woody axis relative to the soil surface determines its lheat transfer properties. Farber and Rennat (8) showed that the conductance (1t) decreased in the first 15 cm of length when the position of an infinite cylinder was varied from 00 with the horizontal, to 900. The film coefficient of heat transfer showed a similar distribution, reaching the maximum decrease at about 750 with the horizontal. In still air, cylinders 30.5 cm long lost heat more rapidly in the horizontal pos:tion or close to the horizontal than in the vertical. For longer cylinders, the effect diminished with length. 9 A log-plot of the data for spheres (28) ,I*
